INTRODUCTION
============

Ischemic brain injury is a major cause of morbidity and mortality. Over 700,000 strokes occur each year in the United States, with a mortality rate of 27%. There are approximately 3 million stroke survivors with varying degrees of disability \[[@B1]\]. In recent years, the use of mesenchymal stem cells (MSCs) has received attention as a new alternative for treating this disease. MSCs exist in almost all tissues, including bone marrow, muscle, fat, hair follicles, tooth root, placenta, brain periosteum, dermis, perichondrium, umbilical cord, Wharton\'s jelly, lung, liver and spleen \[[@B2]\]. These stem cells were identified by their potential to undergo induced differentiation into several different mesenchymal lineages, such as bone, cartilage, adipose tissue, muscle, and tendon \[[@B3]\]. Recently, human umbilical cord blood-derived stem cells (hUCB-MSCs) have begun to show promise as a cell-based therapy. To date, no morphological differences between bone marrow-derived mesenchymal stem cells (BM-MSCs) and hUCB-MSCs have been reported \[[@B4][@B5][@B6]\].

Researchers have reported that gradual exposure to MSCs at a lesion site resulted in accumulation of various therapeutic proteins that were secreted and reacted with the microenvironment \[[@B7]\]. Therefore, many different proteins secreted by MSCs influenced paracrine actions for recovery of the lesion site. The therapeutic proteins secreted by MSCs included growth factors, cytokines, extracellular matrix proteins, and antioxidants. When the paracrine effect of MSCs was assessed in various disease models, there were similar therapeutic effects through the actions of the proteins mentioned above \[[@B7]\]. Although the general characteristics of MSCs include stemness, tropism, differentiation, motivation, and a therapeutic paracrine effect, it is possible that the origin of the donor cells (e.g., hUCB-MSCs from a pregnant mother) may influence their therapeutic effects.

HUCB (human umbilical cord blood) cells are likely to be used for transplantation into allogeneic recipients. HUCB cell banking may ensure more popular autologous transplants and may become more common in the future. However, HUCB collection can only be performed at certain time points (e.g., during birth), and the number of stem cells extracted from one donor is very limited. Importantly, treatments with MSCs should be profiled in the context of element-growth factor and cytokines \[[@B8][@B9]\]. The expression of these elements may differ depending on the origin of the cells or the culture process \[[@B10][@B11]\].

We sought to profile different donor cells and their stem cell properties as well as their therapeutic effects in animal disease models. Many studies have reported dominant cytokine expression in hUCB-MSCs. When hUCB-MSCs were used in an *in vivo* disease model, few details were reported regarding whether therapeutic effects of hUCB-MSCs were dependent on different donor cells. Therefore, in order to understand how the therapeutic effects of hUCB-MSCs may change according to the donor type in ischemic conditions, we evaluated the therapeutic effects of 3 different hUCB-MSC donor cell lines in an experimental MCAO ischemic model.

MATERIALS AND METHODS
=====================

Animals
-------

Adult male Sprague-Dawley rats (260\~300 g; Orient bio, Korea) were housed in an animal care facility under a 12 h light/dark cycle, with food and water available *ad libitum*. Animal care and surgical procedures were carried out in accordance with guidelines on the ethical use of animals approved by the Experimental Animals Committee of Seoul National University Hospital. All efforts were made to minimize the number of animals used and their suffering. Animals were divided into 4 groups (n=48): one control group (n=12) and 3 experimental groups (n=12 per group, total n=36), which were sacrificed post-MCAO.

Surgical Procedures
-------------------

Rats were anesthetized by an intramuscular injection of Rompun (10 mg/kg of xylazine hydrochloride, Bayer, Leverkusen, Germany) and Zoletil 50 (75 mg/kg of zolazepam and tiletamine, Virbac, Carros, France). Rectal temperature was maintained at 37℃ using a thermistor-controlled heating blanket. Transient MCAO was induced using an intraluminal vascular occlusion method, as previously described \[[@B12]\]. Briefly, a 2 cm incision was made at the center of the neck; the left common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were exposed under an operating microscope. A 4/0 monofilament nylon thread whose tip was rounded by heating was advanced into the lumen of the ICA until it blocked the origin of the MCA. One and half hours after MCAO, animals were re-anesthetized for reperfusion, which was performed by suture withdrawal. After recovery from anesthesia, animals were allowed free access to food and water. After surgery, 28 of the 48 animals survived; consequently, a total of 28 rats were randomly assigned to the control and experimental groups.

Cell Preparation and Transplantation
------------------------------------

This study was approved by the Institutional Review Board of MEDIPOST Co., Ltd. UCB-MSCs were separated and maintained as described previously \[[@B13]\]. Umbilical cord blood was collected from the umbilical veins after neonatal delivery, with informed consent from the pregnant mothers. MSCs were isolated by separating mononuclear cells (MNCs) using a Ficoll-Hypaque solution (d=1.077 g/cm^3^; Sigma, St. Louis, MO, USA). MNCs were transferred into a-minimum essential medium (a-MEM; Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with fetal bovine serum (FBS; Gibco, Life Technologies, Carlsbad, CA, USA). They were then seeded in culture flasks at a density of 5×10^5^ cells/cm^2^. Cells were maintained in a humidified 5% CO~2~ chamber at 37℃ and colonies composed of spindle-shaped cells were formed. Once cells were 50% confluent, they were harvested after treatment with 0.25% (w/v) trypsin-EDTA (Gibco) and were reseeded for expansion. Three different hUCB-MSCs were prepared and they differed based on only the original UCB donor.

The prepared cells were assigned to either a control group or 1 of the 3 experimental groups. Group 1 rats (control) were administered 1X PBS intraparenchymally 48 h after MCAO. Group 2 rats were injected intraparenchymally with 5 µl total volume of hUCB-MSCs (G19, 5.0×10^5^ in 1XPBS) 48 h after MCAO. Group 3 rats were injected intraparenchymally with 5 µl total volume of hUCB-MSCs (G16, 5.0×10^5^ in 1XPBS) 48 h after MCAO. Group 4 rats were injected intraparenchymally with 5 µl total volume of hUCB-MSCs (G5, 5.0×10^5^ in 1XPBS) 48 h after MCAO.

Behavioral testing
------------------

Limb placement tests (LPTs) included 8 subtests and were performed 2 days after ischemia, as previously described \[[@B14]\]. Briefly, the test consisted of 3 domains: (1) visual forward, (2) visual lateral, and (3) proprioception. Visual forward was defined as the observation of forelimb flexion when holding the animal by the tail. The stretch of the forelimbs towards the table was evaluated as either a normal stretch (0 points) or abnormal flexion (1 point). Visual lateral was defined as the observation of a forelimb stretch after a stimulus was applied to the rat\'s whiskers when it was held by its trunk. The visual lateral was scored as follows: normal lifting (0 points) or abnormal lifting (1, 2, or 3 points, according to the times of normal stretch). Proprioception was defined as the observation of stepping up of the forelimb and hindlimb on the table after pulling down the forelimb and hindlimb below the level of the table. This occurred 3 times and was scored as normal lifting (0 points) or abnormal lifting (1, 2, or 3 points, according to the times of normal stretch). Therefore, when all 3 domains were assessed, the highest possible score was 10.

The rotarod test (Panlab, Barcelona, spain) consisted of an accelerating rod, which provided an index of forelimb and hindlimb motor coordination and balance \[[@B15]\]. The rat was placed on an accelerating rod, whose velocity was slowly increased from 4 rpm to 40 rpm within a 10 min period. The duration for which the rat remained on the accelerating, rotating rod was measured in seconds. A trial was terminated when the rat fell off the rotarod. The animals were trained with 3 trials per day for 3 days before MCAO to obtain stable baseline values. The rotarod data are presented as a percentage \[(mean duration of the 3 post-MCAO trials/ duration of pre-MCAO baseline trials) ×100\].

Tissue Processing
-----------------

After anesthesia, the animals were intracardially perfused with saline, followed by ice-cold 4% paraformaldehyde (PFA; in PBS) for 10 min. Their brains were removed, post-fixed for 1 day at 4℃, and then transferred sequentially at one-day intervals into 10%, 20% and 30% sucrose until they sank to the bottom of the container. The tissues were embedded in OCT compound (Sakura Finetek, Inc., Torrance, CA), and frozen at -70℃ using dry ice. The brain sections were cut to a thickness of 30 µm with a cryostat (Leica CM 3000, Leica, Solms, Germany).

IMMUNOHISTOCHEMISTRY
====================

The brain sections were washed with 1X PBS, permeabilized with PBS containing 0.1% saponin and 4% normal goat serum (NGS) for 30 min at 25℃, and blocked with PBS containing 0.05% saponin and 5% NGS for 30 min. Brain sections were permeabilized for 30 min with 0.1% Triton X, and incubated overnight at 4℃ with the following antibodies: mouse anti-nestin (1:400; Chemicon, Temecula, CA), mouse anti-GFAP (1:600; Chemicon, Temecula, CA), and rabbit anti-laminin (1:30; Sigma Aldrich, Inc., St. Louis, MO). Brain sections were incubated for 1 h at room temperature with fluorescence-labeled secondary antibodies raised against the respective hosts of the primary antibodies at a dilution of 1:500. The secondary antibodies (Molecular Probes, Invitrogen Co., Carlsbad, CA) included Alexa 488 and Alexa 594 goat anti-mouse IgG and goat anti-rabbit IgG.

TUNEL assay
-----------

The terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay was used to measure apoptotic cell death in the control and experimental groups. Using an *in situ* cell death detection kit (TMR Red; Roche Diagnostics, Mannheim, Germany), the frozen tissue section slides were washed 3 times with 1X PBS and permeabilized for 2 min on ice. The permeabilized tissues were washed 3 times with 1X PBS; 50 µl of TUNEL reaction mixture was added to each tissue. The treated tissues were then incubated at 37℃ in a humidified environment for 1 h. After incubation, the tissues were washed 3 times with 1X PBS and imaged by fluorescent microscopy.

Confocal Microscopy
-------------------

Fluorescent immunolabeled sections were imaged with a Meta confocal microscope (LSM model 510; Carl Zeiss MicroImaging, Inc., Jena, Germany) equipped with 4 lasers (Diode 405, Argon 488, HeNe 543 and HeNe 633). Each channel was separately scanned using a multitrack-photomultiplier tube (PMT) configuration to avoid bleeding between the fluorescent labels in order to visualize the labeled structures in relation to other cells.

Measurement of infarct size in rat brain slices
-----------------------------------------------

The infarct size was measured with Image J (NIH, v1.38). The sections were scanned with a high-resolution scanner (Epson Perfection V700 photo), and the 2 hemispheres were compared using ImageJ. The infarct lesion was drawn using a graphic tablet tool and the size was summed and presented as a percentage of the size of the intact hemisphere. Infarct Size = lesion size / non-lesion size ×100.

Statistical Analysis
--------------------

Statistical analysis was performed using Graph-Pad Prism version 3.03 (GraphPad Software. Inc., San Diego, CA). All data are presented as mean±SEM. A repeated-measures analysis of variance (ANOVA) was performed on all behavioral data. The quantification of the immunofluorescent staining in the control and experimental groups was performed using the Student\'s t-test.

RESULTS
=======

hUCB-MSC treatment improves MCAO-induced motor dysfunction regardless of the donor type
---------------------------------------------------------------------------------------

Abnormal motor performance caused by motor cortex infarcts was assessed by the modified LPT and rotarod. Each experimental group was administered a different lot number of hUCB-MSCs (e.g., G5, G16, G19) and it was compared to the control group. There were no significant differences in the neurological outcomes before cell transplantation. However, there was significant functional improvement in both motor tests in the G19 and G5 hUCB-MSC-treated groups starting 7 days after cell injection (therefore, 9 days after MCAO surgery) compared to the control group (rotarod and LPT: ^\*^p\<0.05; [Fig. 1A](#F1){ref-type="fig"}). There was no improvement in the G16 hUCB-MSC-treated group compared to the G19 and G5 hUCB-MSC-treated groups in either the rotarod ([Fig. 1A](#F1){ref-type="fig"}) or the LPT ([Fig. 1B](#F1){ref-type="fig"}). Therefore, motor dysfunction can be improved with hUCB-MSC administration without regard to the donor type.

hUCB-MSC treatment reduced the infarct size in the MCAO ischemic model without regard to donor origin
-----------------------------------------------------------------------------------------------------

To determine whether hUCB-MSCs could reduce the infarct size in the ischemic brain, brain tissue was stained with cresyl violet (Nissl staining). Infarcted lesions were mainly concentrated in the cortex and striatum at 28 days after hUCB-MSC injection. The entire ischemic tissue area was transformed into cysts. The relative infarct size in all hUCB-MSC- treated experimental groups was significantly smaller than that in the control group (^\*^p\<0.05; [Fig. 1C and D](#F1){ref-type="fig"}). Therefore, hUCB-MSC administration can reduce stroke-induced infarct size.

hUCB-MSC treatment increased vessel and astroglia formation after MCAO regardless of donor origin
-------------------------------------------------------------------------------------------------

To determine whether donor-dependent hUCB-MSC administration enhanced angiogenesis in endothelial cells or endogenous astroglia, we performed double-labeled immunohistochemistry with GFAP and anti-human nuclei, and laminin and anti-human nuclei. hUCB-MSC treatment increased the percentage of GFAP- and laminin-positive cells in the ischemic boundary zone at 28 days after MCAO ischemic injury compared to the control group ([Fig. 2A, B](#F2){ref-type="fig"} and [3A, B](#F3){ref-type="fig"}). There was no additional difference in the percentage of GFAP- and laminin-positive cells between the G19, G16, and G5 hUCB-MSC-treated groups. Co-localization of anti-human nuclei and GFAP or laminin was confirmed through double labeled immunofluorescence. GFAP expression was limited to a cell population in the border zone of the ischemic cortex. Expression of anti-human nuclei was located near GFAP and laminin positive populations of cells.

It was possible to determine approximately the mount through a measure of Human Nuclei (HuNu) positive cells. On average, on the basis of the measured mean value in the 1 mm×1 mm square, the number of surviving cells in each group was 88.8×10^3^±1023 (G19), 33.6×10^3^±2012 (G16), and 55.2×10^3^±1286 (G5). The equivalent value based on the amount of administered cells was 17.76% (G19), 6.72% (G16), and 11.04% (G5).

hUCB-MSCs induced neurogenesis and anti-apoptotic effects after MCAO without regard to donor origin
---------------------------------------------------------------------------------------------------

To determine whether hUCB-MSC administration induced neurogenesis in a donor-dependent manner, we performed immunofluorescent staining of nestin and GFAP-delta ([Fig. 4A](#F4){ref-type="fig"}). Nestin and GFAP-delta expression was primarily located throughout the brain in the ischemic boundary zone. The sections were analyzed with Image Pro Plus software. The number of cells positive for nestin and GFAP-delta, markers of neurogenesis, was significantly increased from the ipsilateral striatum to the ischemic striatum in all hUCB-MSC-treated groups compared to control group ([Fig. 4B](#F4){ref-type="fig"}). There were no differences between the G19, G16, and G5 hUCB-MSC-treated groups. Furthermore, hUCB-MSCs significantly reduced the density of apoptotic cells in the ischemic brain regardless of the donor, as indicated by the reduced number of TUNEL-positive, DNA-fragmented cells ([Fig. 4C](#F4){ref-type="fig"}).

DISCUSSION
==========

It is now well established that hUCB-MSCs possess core stem cell properties, such as self-renewal, lineage-specific differentiation and tissue engraftment, which are largely influenced by the local microenvironment and soluble molecular signals. hUCB-MSCs are a very promising cell therapy whose procedures have yet to be clearly delineated. However, because viability, the phenotype and the differentiation potential of hUCB-MSCs can change with each donor, it is important to understand whether hUCB-MSCs have different effects in ischemic modeling depending on donor cell origin.

Although cell donors may influence the therapeutic potential of hUCB-MSCs, our data indicated that these 3 types of hUCB-MSCs express a common mesenchymal stem lineage in the ischemic boundary zone. The infarct volume in the ischemic brain treated with 3 different types of hUCB-MSCs did not differ between the groups. However, the groups treated with 3 types of hUCB-MSCs had a lower infarct volume compared to the control group, which is consistent with the behavioral testing results ([Fig. 1](#F1){ref-type="fig"}).

In order to further determine which neurochemical factors may have influenced our behavioral data, we stained brain tissue markers for neurogenesis and angiogenesis. hUCB-MSCs persisted in the ischemic boundary zone ([Fig. 2](#F2){ref-type="fig"}) and survived up to 4 weeks after injection. Rats administered G19 hUCB-MSCs had a higher survival rate, which correlated with GFAP-expressing astroglial cells. Previously, studies have reported that adult neural stem cells resulted in astroglia-induced neurogenesis \[[@B16]\], which has a very important role in the repair process and inflammation \[[@B17]\]. Our data are consistent with these previously reported findings. hUCB-MSCs increased vessel formation in ischemic condition regardless of the donor ([Fig. 3](#F3){ref-type="fig"}). The angiogenic reaction was increased at hUCB-MSC-administered sites and it correlated with the amount of hUCB-MSC survival in the ischemic boundary zone. hUCB-MSCs were used as a successful stem cell therapy tool for Buerger\'s disease and an ischemic limb disease animal model \[[@B18]\] and they promoted angiogenic effects in myocardial infarction \[[@B19]\]. Nestin and GFAP-delta, which are associated with neurogenesis, were increased in the ischemic boundary zone of rats in the 3 groups that received G19, G16, and G5 hUCB-MSCs ([Fig. 4](#F4){ref-type="fig"}).Although the nestin and GFAP-delta expression patterns did not differ among the 3 hUCB-MSC-treated groups, we hypothesize that neurogenesis was increased through the hUCB-MSC treatment, which improved the MCAO-induced motor dysfunction. Many studies have reported that stem cells express nestin, a hallmark of adult neurogenesis \[[@B20][@B21][@B22]\], and that GFAP-delta is involved in adult neurogenesis \[[@B23]\].

Our results indicate that the hUCB-MSC profiles were similar, although not identical, to UCB-derived MSCs, reinforcing the idea that these 2 cell populations have the same cellular identity, and strong commonalities in their cellular characteristics and differentiation potential. hUCB-MSCs from diverse donors expressed very similar factors and reduced the behavioral deficits in the ischemic model. The cytokine secretion profile was highly conserved among BM-derived MSCs from different donors of diverse races, ages and sexes. The conserved secretion pattern suggests that the molecular profile of these cells is not greatly influenced by the individual donor characteristics \[[@B11][@B24]\] . However, there are some possible limitations in the current study that should be addressed. Our data regarding the characterization of hUCB-MSCs (G19, G16, and G5) is lacking. As an alternative, we reported angiogenic profiling of hUCB-MSCs in hypoxic condition \[[@B25]\], Although we did not conduct a specific cytokine profiling assay in hUCB-MSCs, our results revealed positive behavioral, neurogenic and angiogenic effects regardless of the individual hUCB-MSC donors. Further investigation is necessary to elucidate the cytokine and growth factor profiles of different donor types for future clinical trials using patient specific hUCB-MSCs.

In conclusion, locally injected hUCB-MSCs were capable of rescuing the detrimental effects of ischemic lesions in the striatum by increasing neurogenesis and angiogenesis, regardless of the original hUCB-MSC donor. hUCB-MSCs from different donors may show slightly different stem cell traits, but they are still capable of healing the diseased brain, regardless of the original donor.

This study was supported by the Korea Institute of Planning & Evaluation f or Technology i n Food, Agriculture, Forestry, and Fisheries, Republic of Korea (311011-05-3-SB020), by the Korea Healthcare Technology R&D Project (HI11C21100200) funded by Ministry of Health & Welfare, Republic of Korea, by the Technology Innovation Program (10050154, Business Model Development for Personalized Medicine Based on Integrated Genome and Clinical Information) funded by the Ministry of Trade, Industry & Energy (MI, Korea), and by the Bio & Medical Technology Development Program of the NRF funded by the Korean government, MSIP (2015M3C7A1028926).

![(A) Rotarod test. (B) Limb placement test. G19, G16, G5 hUCB-MSC-treated rats showed an improved functional behavioral outcome compared to the control group. (C) Infarct size. Reduced infarct size in MCAO rats that received hUCB-MSCs. (D) Representative cresyl violet staining images revealed that the ischemic site in rats that received hUCB-MSCs after MCAO was significantly smaller than that in rats in the PBS group. Scale bar=1000 µm. Data are expressed as the mean percentage of the infarct size±SEM (^\*^p\<0.05 experimental vs. control group) relative to the size of the intact hemisphere.](en-24-358-g001){#F1}

![(A) Confocal images of GFAP (green) and human nuclei (HuNu) staining (red) with a DAPI nuclear marker (blue) in ischemic rats with and without hUCB-MSC treatment. GFAP- and HuNu-positive cells were detected in the ischemic boundary zone. GFAP- and HuNu-positive cells were increased in number compared to the control group. (B) The number of GFAP-positive cells was increased in the hUCB-MSC-treated groups compared to the control group. Scale bar=50 µm.](en-24-358-g002){#F2}

![(A) Confocal images of laminin staining (green) and human nuclei (HuNu) staining (red) with a DAPI nuclear marker (blue) in ischemic rats with and without hUCB-MSC treatment. Angiogenesis in the ischemic brain. hUCB-MSCs may induce post-ischemic neuroprotection by increasing angiogenesis. HuNu- or laminin-positive cell distribution was dominant in all hUCB-MSC-treated groups (G19, G16, and G5) compared to the control group at day 28 after MCAO. (B) hUCB-MSC treatment increased the number of laminin-positive cells compared to the control group. Scale bar=20 µm.](en-24-358-g003){#F3}

![Neurogenesis in the ischemic brain. hUCB-MSCs may induce post-ischemic neuroprotection by increasing neurogenesis. (A) GFAP-delta-(red) or nestin-(green) positive cell distribution was dominant in all hUCB-MSC-treated groups (G19, G16, and G5) compared to the control group at day 28 after MCAO. Scale bar=20 µm. (B) Quantification of the neurogenic factor optical density. (C) Decreased apoptotic cell death as assessed by the TUNEL assay. Scale bar=50 µm.](en-24-358-g004){#F4}
